Riboflavin (vitamin B2) is the water-soluble B-group vitamin essential to general human health. Riboflavin deficiency is associated with eye lesions, skin disorders and cellular growth. The determination of riboflavin in pharmaceutical preparations has appeared especially attractive. A variety of techniques have been utilized to the determination of riboflavin such as fluorometry, 1,2 electrochemistry, 3 photometry, 4 and HPLC. 5, 6 However, some of these methods lack sufficient sensitivity and selectivity.
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Chemiluminescence (CL) has received much attention in drug analysis due to its simplicity, high sensitivity and rapidity and has been explored as a means to determine riboflavin. Two reports 7, 8 have explained the basis of photokinetic determination of riboflavin using CL as detection: one was based on the quenching effect of riboflavin on the CL system of luminolhydrogen peroxide after the photochemical reaction of riboflavin; 7 the other was based on its enhancement effect on the CL reaction of luminol oxidized by periodate after the photochemical reaction of riboflavin in alkaline solution. 8 Electrogenerated chemiluminescence (ECL) has advantages over conventional chemiluminescence because reagents and precursors participating in the reaction are generated in situ when required at an electrode. The reaction can therefore be controlled and manipulated by alterations to the applied potential. 9 A literature scan revealed only one ECL method for the determination of riboflavin was reported based on the enhancement ECL of riboflavin at polyluminol-modified sensor in the alkaline solution. 10 However, this method suffered from the unstable ECL signal due to the photochemical reaction and the instability of riboflavin in alkaline solution.
In the present work, a highly sensitive ECL method for the determination of riboflavin is developed based on the enhancing effect of riboflavin on the lucigenin ECL at a platinum electrode in a neutral aqueous solution. The detection limit of the proposed method is much lower than those reported in the previous literature; the method features simplicity, rapidity and an easy controllability. Additionally, the ECL scheme of lucigenin with riboflavin is discussed. The method has been applied to the determination of riboflavin in the pharmaceutical preparations with satisfactory results.
Experimental

Reagents
All reagents employed were of analytical grade and redistilled water was used throughout. Lucigenin (nitrate salt) was purchased from Sigma and used without further purification. A stock solution of 1.00 × 10 -3 M lucigenin was prepared by dissolving 52.2 mg of lucigenin in 100 ml of water and stocked at 4˚C. A 1.00 × 10 -4 g/ml stock standard solution of riboflavin was prepared by dissolving 10.0 mg riboflavin (Shanghai Third Chemical Reagent Company, Shanghai, China) in 100 ml of 0.10 M acetic acid, and stored in brown bottles in order to avoid light decomposition The riboflavin working solution was prepared by appropriate dilution with 0.010 M KCl solution.
Apparatus and ECL measurement
The experimental set-up for ECL measurement consisted of an MF-1A Voltammetric Analyzer (Jiangsu Electroanalytical Instrument Factory, Jintan, China), an Ultra-Weak Chemiluminescence Analyzer controlled by a personal computer with the BPLC program (Institute of Biophysics, Academia Sinica, Beijing, China). 11 A commercial cylindroid glass cell was used as ECL cell; it was employed with a threeelectrode system composed of a platinum plate electrode (4 × 5 mm) as working electrode, a platinum wire as a counter electrode and a salt bridge connected with Ag/AgCl/sat. KCl as a reference electrode. All potentials were referred to this reference electrode. The working electrode was fixed on a Telfon cover in order to secure reproducibility of the electrode position. A cyclic voltammogram was recorded with a Bioanalytical Systems BAS-100B/W electrochemical analyzer. For detecting ECL, the cell was placed directly in front of a photomultiplier (PMT, operated at -900 V) and the PMT window was opened only towards the working electrode to eliminate the blank CL and ECL from counter electrode. A Perkin Elmer LS 50 Luminescence Spectrometer (USA) was used for ECL spectrum measurements.
A 2.0-ml volume of 0.01 M KCl and 500 µl of lucigenin solution (or 250 µl of riboflavin solution and 250 µl of lucigenin solution) was sequentially added to the ECL cell. The final volume of detecting solution was 2.5 ml. After the baseline became stable, a constant potential of -0.65 V was applied and the ECL was measured. The concentration of riboflavin was quantified by an enhanced ECL intensity ∆I = IS -I0, where IS was the ECL intensity of the lucigenin with riboflavin (sample) and I0 was the blank signal obtained without riboflavin added. Before each measurement, the working electrode was washed with ethanol, rinsed with water, then electrolyzed at the potential from -0.20 to +1.20 V for 10 min in 0.10 M H2SO4, and finally carefully washed with water. 9, 12 All experiments were carried out at room temperature.
Determination of riboflavin in pharmaceutical preparations
A 10-mg amount of the powdered tablet was accurately weighted and dissolved in 0.10 M acetic acid. The resulting mixture was filtered, and the filtrate was diluted with 100 ml of 0.10 M acetic acid and used as the sample solution. A 2.0-ml volume of the riboflavin injection containing 10.0 mg of riboflavin was directly diluted with 100 ml of 0.10 M acetic acid without any pretreatment. The determination procedures of the samples were the same as that of riboflavin standard solution described in the above ECL measurement. The sample solutions were also determined by a reference spectrophotometric method. 13
Results and Discussion
ECL of lucigenin with riboflavin
The ECL of lucigenin was primarily checked in a neutral aqueous solution at a platinum electrode. When an applied potential was scanned at a platinum electrode from 0 to -1.0 V, three ECL peaks of lucigenin were observed at -0.36 V, -0.65 V, and -0.83 V, respectively (Fig. 1, dashed line) . We first found that the ECL intensity of lucigenin at -0.65 V was greatly enhanced by addition of riboflavin ( Fig. 1 solid line) . In order to elucidate the processes of this ECL system, cyclic voltammetry and luminescence experiments were carried out.
Cyclic voltammetric experiments for riboflavin were performed at a platinum electrode in 0.10 M KCl solution ( Fig.  2 solid line) . The results showed that a pair of nearly reversible redox waves of riboflavin appeared: the cathodic peak potential and the anodic peak potential were -0.47 V and -0.41 V, respectively. Redox component of riboflavin is the same as that of flavin mononucleotide (FMN) and flavin adenine dinucleotide (FAD) that shows a two-electron reduction wave due to two overlapping one-electron reduction waves involving the formation of a semiquinone radical intermediate. 14 The reduced isoalloxazine system reacts with dioxygen to give superoxide. 15 The hydrogen wave was observed at potentials more negative than -0.62 V. This suggests that hydroxide anion should be produced when potential was more negative than -0.62 V. The cyclic voltammogram of lucigenin at a platinum electrode in 0.10 M KCl solution is shown in Fig. 2 (dashed line). An irreversible reduction peak appeared at about -0.36 V, which corresponded to the reported results. 12, 15, 16 This indicates that lucigenin stays at reduced state on the electrode surface as potential is applied at the potential more negative than -0.36 V.
The ECL intensity-potential curve at a platinum electrode in nitrogen-saturated 0.10 M KCl solution containing 1.0 × 10 -6 M lucigenin and 8.0 × 10 -8 g/ml riboflavin showed that the ECL emission of lucigenin at potential more positive than about -0.83 V disappeared; However, the ECL emission at potential more negative than -0.83 V still occurred.
The same phenomenon was observed in the absence of riboflavin. We concluded that, whether there is riboflavin or not, the ECL emission of lucigenin at potential more positive than -0.83 V is directly related to dissolved oxygen in neutral solution and that at potential more negative than -0.83 V is unrelated to dissolved oxygen.
The ECL spectrum of lucigenin in the presence/absence of riboflavin was examined at the potential of -0.65 V. It was observed that the ECL spectrum of lucigenin in the presence of riboflavin was the same as that in the absence of riboflavin and the maximum light emission was at 430 nm at Pt electrode when a potential of -0.65 V was applied. Therefore, it can be proposed that the ECL emitter in the two systems may be the same. The fluorescence spectrum of riboflavin in 0.10 M KCl showed that the λex = 450 nm and λem = 510 nm and the ECL emission of riboflavin was not observed in our detection system. This suggests that the energy transfer ECL from reduced lucigenin to riboflavin or reduced riboflavin should not be generated and the ECL emitter may be reduced lucigenin or related compounds.
The ECL peak of lucigenin at -0.36 V in the absence/presence of riboflavin was generated from the CL reaction of dissolved oxygen with lucigenin radical anion that was electrochemically 820 ANALYTICAL SCIENCES JULY 2002, VOL. 18 reduced at about -0.36 V on the electrode surface. 12 The ECL peak at -0.83 V in the absence/presence of riboflavin was mainly produced from the CL reaction of lucigenin with both hydroxide anion and hydrogen peroxide that were generated electrochemically onto the surface of the electrode. In the absence of riboflavin, the ECL peak of lucigenin at -0.65 V was mainly obtained from the CL reaction of reduced lucigenin with hydrogen peroxide electrogenerated onto the surface of the electrode. In the presence of riboflavin, the ECL peak of lucigenin at -0.65 V was generated from the CL reaction between reduced lucigenin and superoxide anion that was produced by the catalytic reaction of electrochemically reduced riboflavin with dissolved oxygen. 15 Based on our experimental results and previous publications, 12, 18 the ECL scheme of lucigenin in the absence/presence of riboflavin is postulated as shown in Fig. 3 .
It should be noted that more work is needed to definitively establish that superoxide anion is produced chemically in the postulated scheme. Nevertheless, it was true that the ECL intensity of lucigenin at -0.65 V was greatly enhanced by the addition of riboflavin. ECL assay based on enhancing CL of some redox substances that can be easily manipulated by the electrode potential and coupled with CL reaction is a promising alternative approach.
Effect of applied potential
When a linear-sweep potential, square wave potential, pulse potential and constant potential were applied in a neutral aqueous solution, respectively, the ECL of lucigenin without and with riboflavin was observed. It was found that the strongest enhanced ECL intensity (∆I, defined in experimental) was obtained when a constant potential mode was employed. Therefore, this mode was chosen in this work because of its excellent sensitivity.
The dependence of the enhanced ECL intensity on constant potential applied is shown in Fig. 4 . Here, we can see that, when the applied potential was stepped from -0.40 to -0.80 V, ∆I increased sharply from -0.51 V, due to the electrochemical reduction of riboflavin. And ∆I at -0.65 V reached the maximum due to the limiting reduction current of riboflavin at a platinum electrode. Therefore, a constant potential of -0.65 V was selected in order to get a maximum sensitivity.
When a constant potential of -0.65 V was applied, the ECL profile with time showed that 2.5 s from the potential applied to the ECL peak was only needed and it took 25 s for the signal to return to half-value, and when applied potential was switched off, it took 2 s to return to zero. Although the integral ECL intensity was more accurate for quantitative analysis, the peak intensity was used because the procedure was more simple and convenient.
Effect of electrolyte
As expected, the enhanced ECL intensity at constant potential of -0.65 V was strongly dependent on electrolyte and especially on the pH of testing aqueous solution, because of the CL property of lucigenin. The effect of the electrolyte and pH on the enhanced ECL intensity was checked in different electrolytes such as 0.10 M KH2PO4-NaOH (pH 7.0 -8.0), 0.10 M boric acid (pH 8.0 -9.0), 0.10 M NaHCO3-NaOH (pH 9.0 -10.0) and 0.10 M KCl. The experimental results showed that the ECL of lucigenin in the absence of riboflavin strongly increased with the increase of pH from 8.0 to 12.0; however, the ECL intensity of lucigenin in the presence of riboflavin weakly increased with the increase of pH from 8.0 to 12.0. The enhanced ECL intensity was thus obtained in 0.10 M KCl. And a high concentration of the electrolyte above-mentioned decreased both of the ECL intensities. This behavior was also reported in previous publications. 12, 18 Additionally, the concentration of KCl in our system was optimized from 0.10 mM to 0.20 M. It was found that a highly enhanced ECL intensity was obtained when the concentration of KCl was lower than 0.001 M. However, on consideration of sample determination, 0.01 M KCl, in which a stable and relatively high enhanced ECL intensity was obtained, was used as electrolyte in the following experiments. Figure 5 shows the dependence of the enhanced ECL intensity on the lucigenin concentration. Here, we can see that the enhanced ECL intensity increased with an increase of the lucigenin concentration from zero to 0.8 µM, because lucigenin was a chemiluminescent precursor. And the enhanced ECL intensity reached a maximum value and kept stable in the concentration range of lucigenin from 0.9 to 1.5 µM. The blank ECL intensity was quite high (data not shown) when the lucigenin concentration was higher than 1.2 µM. Therefore, 1.0 µM lucigenin was chosen in this work. 
Effect of lucigenin concentration
Linear response range and detection limit
Under the optimized conditions, the linear range for riboflavin was measured. The calibration graph of the increased ECL emission intensity vs. riboflavin concentration was linear in the range from 2.1 × 10 -8 to 3.0 × 10 -7 g/ml. The regression equation was ∆I = 187 + 112C (unit: 10 -8 g/ml, r = 0.997). The detection limit for riboflavin was 8.2 × 10 -9 g/ml (S/N = 3) and the relative standard derivation was 4.0% (n = 11, c =8 × 10 -8 g/ml). This detection limit is much lower than the one obtained using the ECL method 10 and CL method. 7 A satisfactory detection limit of the proposed method is therefore obtained.
Interference studies
The influence of commonly used excipients and additives in the pharmaceutical preparations was tested under the optimized conditions by analyzing a standard solution of 1.0 × 10 -7 g/ml riboflavin. The tolerable limit of a foreign species was taken as a relative error less than 5%. No interferences were observed when including up to 100-fold weight concentrations of vitamin C, maltose and sucrose, or up to 80-fold fructose, glucose and lactose. The selectivity of the proposed method was therefore evident.
Applications
The proposed method was applied to the determination of riboflavin in pharmaceutical formulations. The pharmaceutical preparations were treated as described in the experimental section. The determination results are shown in Table 1 . As can be seen, an acceptable correlation was found between the claimed value and the results obtained by the proposed method. In order to evaluate the applicability of the proposed method for the determination of riboflavin in pharmaceutical formulations, recovery studies were carried out on the samples to which known amounts of riboflavin were added. The results were also compared with those found with the official UVspectrophotometric method. 13 A satisfactory agreement was obtained.
Conclusion
The method proposed herein has been shown to be suitable for the analysis of riboflavin with simplicity and high sensitivity. ECL assay based on enhanced ECL of redox substances that can be easily manipulated by the electrode potential and coupled with CL reaction is a promising alternative approach.
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